Cyanamide had long been recognized as a synthetic compound but more recently has been found as a natural product from several leguminous plants. This compound's biosynthetic pathway, as yet unelaborated, has attracted attention because of its utility in many domains, such as agriculture, chemistry, and medicine. We noticed that the distribution of l-canavanine in the plant kingdom appeared to include that of cyanamide and that the guanidino group structure in l-canavanine contained the cyanamide skeleton. Here, quantification of these compounds in Vicia species suggested that cyanamide was biosynthesized from l-canavanine. Subsequent experiments involving l-[guanidineimino-
. Several studies have suggested that cyanamide in plants might function in the context of chemical ecology; for example, livestock feeding on vetch-dominant meadows often die of vetch-disease [7] [8] [9] , probably due to cyanamide toxicity 6, 10 . L-Canavanine is the guanidinooxy structural analogue of L-arginine. When assimilated, it is used for peptide extension in place of L-arginine, resulting in protein malfunction 11, 12 , which explains its toxicity to a wide range of organisms 13 . A variety of leguminous species accumulate this toxic compound in their seeds for protection from herbivores as well as nitrogen storage 14, 15 . L-Canavanine distribution in the plant kingdom is broader than cyanamide; it has been found in more than 1500 members of the Faboideae, a subfamily of the Fabaceae 16, 17 . L-Canavanine's biosynthetic pathway has already been established and described in jack bean to involve the conversion of L-canavaninosuccinic acid to L-canavanine and fumaric acid 18 . In contrast, cyanamide biosynthesis has remained totally undescribed. Although there have been no reports that indicate a biosynthetic relationship between L-canavanine and cyanamide, we focused here on the following information: First, canavanine has been detected in many Vicia species 16 , some of which also contain cyanamide 5, 6 . Second, L-canavanine's chemical structure consists of cyanamide and another amino acid, L-canaline, and it is possible to actually synthesize L-canavanine from them in the presence of zinc cations 19 . And third, L-canavanine is stored in seeds, whereas cyanamide starts to accumulate after germination 6 . Thus, it is conceivable that in plants L-canavanine is the biosynthetic precursor of cyanamide. In the present study, we conducted several experiments to examine the validity of this hypothesis.
Results and Discussion
We quantified cyanamide and L-canavanine in the leaves of leguminous plants (Fig. 1) . In addition to Vicia species, two other species were also analyzed; Robinia pseudoacacia as a lone species so far tested that contains cyanamide other than Vicia species 5 , and Lens culinaris for its placement, by recent molecular phylogeny studies, within a monophyletic group of the genus Vicia 20, 21 . Notably, L-canavanine has been detected in all species that contain cyanamide, supporting the idea that there is a link between cyanamide biosynthesis and L-canavanine. Figure 2 presents the changes in cyanamide and L-canavanine content in young seedlings of V. villosa subsp. varia. Cyanamide was absent in the seed and began to accumulate when the first leaf appeared at 5-6 day after sowing. In contrast, L-canavanine was abundant in the seed and started to decrease after leaves developed. This synchrony was thought-provoking, particularly with the intriguing observation that the total molar content of the two compounds per individual plant remained nearly constant throughout the monitored period. This suggested that L-canavanine was a cyanamide biosynthetic precursor. It is unclear whether L-canavanine is biosynthesized at the early stage of development.
The plant organ in which cyanamide was biosynthesized was investigated by quantifying the two compounds in each part of the seedling: cotyledon, root, epicotyl, and leaf (Table S1 ). Since V. villosa is a plant with hypogeal germination, the cotyledons stay below the ground. More than half of the total L-canavanine was present in the cotyledons, which was a reasonable localization because it is contained in the seeds (Fig. 2) . Nearly 40% of the total L-canavanine, probably transferred from the cotyledons, was present in the epicotyl and leaves. In contrast, almost all the cyanamide was detected in the epicotyl and leaves. Considering that this compound started to accumulate when leaves emerged, cyanamide appeared to be biosynthesized in leaves. Thus, it was highly likely that L-canavanine stored in the seed was transported to the seedling shoot after germination and then converted to cyanamide in leaves.
We confirmed the conversion of L-canavanine to cyanamide by administration of 15 N-labelled compounds to 4-day-old shoots of V. villosa subsp. varia. After 48 h of incubation, cyanamide was isolated from the leaves and analyzed by gas chromatography-mass spectrometer (GC-MS). Compared with ]urea showed no effect on the abundance of key isotopic molecular ion peaks, negating the possibility that L-canavanine degradative products, such as urea or ammonia, were used for cyanamide biosynthesis. Plant arginase can convert L-canavanine into L-canaline and urea, but L-arginine is a better substrate for this enzyme ( Figure S3 ) 22, 23 . In addition to this conversion, L-canavanine is also decomposed to smaller molecules or coupled with other compounds by enzymatic reactions in which L-arginine is the favored primary substrate 24 . In contrast, some canavanine-resistant microorganisms benefit from mechanisms that specifically function on this toxic amino acid; it is cleaved to L-homoserine and guanidine in Streptococcus faecalis and S. equinus and hydrolyzed to L-homoserine and hydroxyguanidine in Pseudomonas sp. (Figure S4 ) 24, 25 . The former route reportedly also functions in canavanine-resistant insects, such as the tobacco budworm Heliothis virescens 26 . Our results here indicated that a novel enzymatic activity specific for L-canavanine was present in some Vicia species. Although the amino acid formed in this cleavage is yet to be clarified, the conversion from L-canavanine to cyanamide is reasonably explainable by a general acid-base catalysis mechanism ( Figure S5 ).
In conclusion, we demonstrated that cyanamide was biosynthesized from L-canavanine in plants. As cyanamide has a short history since it was first isolated from a natural source 4 , the biosynthesis and metabolism of natural cyanamide has not been fully explained. This finding will serve, in future studies, as a crucial step for the isolation and characterization of the responsible enzyme.
Methods
General. GC-MS was performed on a QP5050A system (Shimadzu Corp., Kyoto, Japan) using an C NMR spectra were recorded with tetramethylsilane as the internal standard using JNM-EX270 (270 MHz) and JNM-LA500 (500 MHz) NMR spectrometers (JEOL Ltd., Tokyo, Japan). High resolution mass spectra were obtained with a JMS-T100LC AccuTOF mass spectrometer (JEOL). The seeds used in the present study have been previously described 6 . They were planted at a depth of 5 mm in pots (8 × 8 × 6 cm deep) containing sand and then incubated in an illuminated growth chamber (FLI-301N; Tokyo, Rikakikai, Co., Ltd., Tokyo, Japan) under a 16-h light/8-h dark cycle at 22 °C. ). For L-canavanine quantification by HPLC, the ethanol extract (160 μ L) was mixed with 20 μ L triethylamine and 20 μ L phenyl isothiocyanate and then placed at room temperature for 20 min before concentrating the solution to dryness in vacuo 27, 28 . The residue was dissolved in 100 μ L ethanol, and a 10-μ L aliquot injected into the HPLC (HPLC conditions 29 ). For cyanamide and L-canavanine quantification in 12 leguminous species (Fig. 1) , leaves were sampled when the third leaf developed. The species used are listed here with the sampling day after sowing in parentheses: Lens culinaris ( 
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N 2 ]canavanine. L-Canaline was prepared using a modified previously-described method 30 . A solution of benzyl L-2-[(carbobenzyloxy)amino]-4-(benzamidooxy) butanoate (1.26 g, 2.72 mmol) in 4 M HCl (30 mL) was refluxed for 5 h and the solvent removed in vacuo. The residue was dissolved in ethanol (1.5 mL), precipitated with diethyl ether (6 mL) and filtered. The resultant white cake was washed with diethyl ether (2 × 6 mL) and dissolved in ethanol (1.5 mL). Triethylamine (10 mL) was added to produce a white precipitate, which was concentrated by solvent removal in vacuo. The residue was dissolved in water (15 mL), charcoal added, and the mixture stirred for 10 min. Next, it was filtered and concentrated in vacuo to yield a white solid (0.99 g), which was then washed with ethanol (2 × 10 mL) to remove the triethylamine hydrochloride. The residual oil containing a white solid was purified by silica gel column chromatography with ethanol/water stepwise to obtain L-canaline (177 mg, 1.32 mmol, 49% yield) as a colorless oil. 1 2 mL) , the solution was stirred for 16 d at room temperature, acidified (pH ~1) with 1 M HCl (3.6 mL) to pale blue, and treated with hydrogen sulfide. After filtration to remove the resulting black precipitate (CuS), the filtrate was heated at 90 °C for 5 h to remove hydrogen sulfide and concentrated in vacuo to produce a crude oil containing a pale yellow solid (603 mg). Flavianic acid dehydrate (460 mg, 1.31 mmol) in water (0.6 mL) was added to the crude product in water (3 mL) and held at 5 °C for 17 h. After suction filtration, the resulting yellow crystals were collected and dissolved in water (10 mL) at ~90 °C. Barium hydroxide octahydrate (310 mg) dissolved in hot water (10 mL) was added to the solution, which was held at 5 °C for 16 h and then filtered. The filtrate was next treated with 5% sulfuric acid (0.6 mL) and filtered through filter paper to remove the white precipitate. The yellow filtrate was then treated with charcoal for 30 min, filtered, and concentrated in vacuo. The residual colorless oil (48 mg) was purified by strong cation exchange resin column chromatography (PoraPak Rxn CX, Waters Corp., Milford, MA, USA) with 5% 3 M ammonia solution in methanol. The eluate was concentrated in vacuo and recrystallized in ethanol/water (25/1, v/v) fraction (t R 3.3-3.9 min), which was then concentrated to dryness and dissolved in 50 μ L ethyl acetate. A portion of the sample solution was finally subjected to GC-MS, using previously described conditions 6 , except the splitless injection mode was used with a 2 min sampling time at 200 kPa, and the sample injection volume was at 2.5 μ L.
